ABSTRACT Many ecological studies have focused on the effects of transgenes in Þeld crops, but few have considered multiple transgenes in diversiÞed vegetable systems. We compared the epigeal, or soil surface-dwelling, communities of Coleoptera and Formicidae between transgenic and isoline vegetable systems consisting of sweet corn, potato, and acorn squash, with transgenic cultivars expressing Cry1(A)b, Cry3, or viral coat proteins. Vegetables were grown in replicated split plots over 2 yr with integrated pest management (IPM) standards deÞning insecticide use patterns. More than 77.6% of 11,925 insects from 1,512 pitfall traps were identiÞed to species, and activity density was used to compare dominance distribution, species richness, and community composition. Measures of epigeal biodiversity were always equal in transgenic vegetables, which required fewer insecticide applications than their near isolines. There were no differences in species richness between transgenic and isoline treatments at the farm system and individual crop level. Dominance distributions were also similar between transgenic and isoline farming systems. Crop type, and not genotype, had a signiÞcant inßuence on Carabidae and Staphylinidae community composition in the Þrst year, but there were no treatment effects in the second year, possibly because of homogenizing effects of crop rotations. Communities were more inßuenced by crop type, and possibly crop rotation, than by genotype. The heterogeneity of crops and rotations in diversiÞed vegetable farms seems to aid in preserving epigeal biodiversity, which may be supplemented by reductions in insecticide use associated with transgenic cultivars.
Agriculture, which covers roughly one half of usable land on the planet, inevitably affects biodiversity, and its expansion and/or intensiÞcation could further impact biodiversity and ecosystem services (Stoate et al. 2001 , Tilman et al. 2001 . This has become a concern reßected in international policy; in 2002, 190 countries committed to the goals of the Convention on Biological Diversity that proposed to reduce the rate of biodiversity loss by 2010 (Balmford et al. 2005) . Managing agricultural pests and maximizing crop yields, while simultaneously minimizing the effects to nontarget organisms, has become an important challenge in modern farm management (Green et al. 2005) .
The inßuence of pest management on nontarget communities has drawn much attention with the increased development and use of transgenic crops. Many have looked speciÞcally at monocultures of Þeld crops using experimental designs intended to isolate the effect of introduced transgenes (Sisterson et al. 2004 , Dively 2005 , Whitehouse et al. 2005 . Some, typically dealing with herbicide tolerant crops (but also see Cattaneo et al. 2006 for a recent example including insect-resistant cotton), have used a farm systems approach where differences in chemical inputs as a result of the introduction of transgenics are inherently expressed as part of the experimental design (Squire et al. 2003) . However, no studies have considered diversiÞed vegetable farm systems, which include different insecticide use patterns tied to integrated pest management (IPM) practices than are common in modern agriculture. To understand the effect of transgenic crops on biodiversity, more studies are needed that incorporate pest management changes that occur when using transgenic crops (e.g., changes in pesticide use patterns), while still representing common farm system practices (e.g., crop rotations).
Invertebrates comprise a large part of the biodiversity in agroecosystems, and the adoption of transgenic crops could inßuence invertebrate diversity (Angle 1994, Groot and Dicke 2002) . Indirect effects on nontargets, including reduction of bees, butterßies, and weed seedÐ eating carabids, were present with adoption of certain herbicide-tolerant Þeld crops in Great Britain , Haughton et al. 2003 ). In contrast, 11 large ecotoxicology experiments showed little or no detrimental effects of insecticidal transgenic cultivars of Þeld crops on insect diversity and abundance (Naranjo et al. 2005) . Riddick et al. (2000) found no differences in coccinellid, formicid, or epigeal carabid populations in transgenic and nontransgenic potato farming systems that included foliar insecticide treatments timed with IPM thresholds. The epigeal, or soil surface-dwelling, invertebrate community is often included in ecological analyses because of their contribution to ecosystem functions [e.g., regulation of invertebrate herbivores (Asteraki 1993 , Clark et al. 1994 ) and weed seed banks (Hartke et al. 1998, Tooley and Brust 2002) ], ease of collection, and high capture rate of species and individuals, which can increase the power of statistical analyses (Duelli et al. 1999) . Additionally, epigeal taxa can be good bioindicators of varying habitat features or farm management systems (e.g., Carabidae: Carcamo et al. 1995 , Ellsbury et al. 1998 , Holland and Luff 2000 , Thorbek and Bilde 2004 Staphylinidae: Lassau et al. 2005; Formicidae: Andersen and Majer 2004) .
At least three transgenic vegetable crops with insecticidal proteins, or with gene constructs that inßu-ence insect-transmitted plant pathogens, have been commercially considered or are being introduced into northeastern U.S. agroecosystems. These include (1) sweet corn expressing the Cry1(A)b protein that protects against several lepidopterans, (2) potatoes that express the Cry3 protein aimed primarily against Leptinotarsa decemlineata, and (3) acorn squash (Cucurbita spp.) that express viral coat proteins that protect against several aphid-transmitted viruses. In diversiÞed fresh market farms in the northeastern United States, all three crops often occur on the same farm, in agroecosystems comprised of a complex mosaic of small Þelds or even multiple crops within a Þeld. Although the transgenic potato cultivars were recently removed from commercial application, they could be reintroduced; the acorn squash cultivars are commercially available and commonly grown in some areas, and the sweet corn cultivars seem to be slowly gaining in adoption rates. These complex and constantly changing agroecosystems contain a greater variety of food resources and refuges, which should allow organisms to partition resources both temporally and spatially, permitting a larger complex of species to exist (Root 1973 , Anderson 2000 , Landis et al. 2000 .
Here, we compare the diversity of soil surfacedwelling beetles and ants within diversiÞed transgenic and nontransgenic vegetable farming systems that followed current IPM standards for insecticide use patterns. We use species richness and dominance distribution comparisons and direct gradient ordination analyses to examine the inßuence of transgenic vegetable cultivars on epigeal beetle and ant diversity. We hypothesized that transgenic and nontransgenic farm systems would require different pest management inputs, which would result in differences in biodiversity. Furthermore, we expected that these differences would depend on crop type. We monitored for pests within subplots twice a week by scouting 10 plants/subplot in all crops and using sweep nets in potatoes. We also established and serviced traps baited with pheromones (Hercon Environmental, Emigsville, PA) to monitor corn earworm, European corn borer, and fall armyworm. In both transgenic and isoline mainplots, insecticides were applied when the average pest population among all replicates of a main plot treatment for that crop reached predetermined thresholds described in Foster and Flood (1995) . Based on standard potato production practices, imidacloprid was applied at planting (without pest monitoring) in the isoline plots. All insecticides were applied at the midpoint of the labeled rate range. Applications of fungicides (in potatoes) and herbicides (in all crops) did not vary among treatments and are described in Hoheisel (2002) .
Insect Collection and Identification. In both 2001 and 2002, we placed six pitfall traps in each subplot. The pitfall traps, 14.1 cm deep with 10.9 cm ID, were inserted ßush with the ground and contained small collection cups (5.5 cm deep, 8.2 cm ID) Þlled with ethylene glycol. Inverted funnels, made from 2-liter soda bottles, Þt inside the rim of the plastic container.
The funnels and their placement within the pitfall trap provided a barrier between the collection container and small mammals (Morrill et al. 1990 ). Between trapping periods, the traps were closed with a plastic lid.
Three pitfall traps per subplot were open at any given time. In 2001, we opened three traps early in each week for 24 h, and the other three pitfall traps later in the same week also for 24 h. Because of decreased labor availability in 2002, three pitfall traps were opened for 48 h once a week and were alternated weekly with the other three traps. For both years, all data were recorded as no./48 h/wk. Therefore, for each week, we recorded data from 54 traps (3 traps ϫ 3 crops ϫ 6 main plots). The collection period (late June to late August) lasted for 8 wk in 2001 and 9 wk in 2002.
We emptied pitfall traps onto a 420-m (0.004 cm) sieve and sorted out all ants (only in 2001) and beetles. Insects were preserved in 70% ethanol. R. Davidson and R. Andow (Carnegie Museum of Natural History, Pittsburgh, PA) identiÞed or conÞrmed identiÞcations of Buprestidae, Cerambycidae, Carabidae, and Cicinidelidae. R. Hoebeke of Cornell University identiÞed most of the 2001 Staphylinidae. All additional taxonomic work was done by D. Biddinger (Coleoptera) and G. Hoheisel (Formicidae) of the Pennsylvania State University. Voucher specimens are currently being held in the Fleischer Laboratory, Department of Entomology, Pennsylvania State University.
Data Analysis. We compared epigeal biodiversity between transgenic and isoline cultivars at the farm system level, where all crops were combined for transgenic or isoline cultivars, and individual crop level using multivariate analyses and measures of species richness and evenness to investigate effects of treatment variables (i.e., crop, genotype, and crop ϫ gentoype interactions) on community composition. We estimated species richness with rarefaction curves (Gotelli and Colwell 2001) using EstimateS 7.5 (Colwell 2005). Samples were randomly reordered 50 times and standardized to the number of individuals caught. Rarefaction curves were developed for all specimens, and for Carabidae separately, because all carabids were identiÞed to species level. SigniÞcance was determined by nonoverlapping conÞdence intervals. We examined the dominance distribution of the Carabidae and Staphylinidae communities, the two most abundant families, between years and treatments with rank abundance curves. Percent of total abundance was used to determine the most dominant species, those representing Ͼ1% of total abundance.
We performed redundancy analyses (RDA) using CANOCO 4.5 (ter Braak and Ŝ milauer 2002) to determine associations between species and treatment variables (crop, genotype, and crop ϫ genotype interactions) for Carabidae and Staphylinidae. RDA is a form of direct gradient analysis, or constrained ordination, where the ordination of the species data are constrained by the axes determined by the treatment variables (Lepš and Š milauer 2003) . Because the experimental design had two levels of variability (genotype ϭ whole plot; crop type ϭ split plot) we used a split plot restriction in our analysis. Treatment variables were assessed using Monte Carlo simulations with 999 iterations and forward stepwise selection. Abundance data were Hellinger-transformed (Legendre and Gallagher 2001), centered, and standardized. Species scores were divided by the SD after axes extraction. Bi-plot diagrams of the ordination results were generated using CanoDraw (ter Braak and Š milauer 2002).
Results
Insecticide Inputs. Transgenic and isoline crops received different insecticide treatments based on commonly used preventative measures, such as at planting applications and pest threshold scouting. The isoline cultivars received 11 insecticide applications, whereas the transgenic cultivars received 8 applications, primarily because of the efÞciency of the transgenic cultivars at protecting against major pests. Insecticide use information is detailed in Table 1 .
Insect Collection and Taxonomic Resolution. A total of 11,925 beetle and ant specimens were collected in 1,512 pitfall traps over both years. Activity density rates were fairly consistent between years because 864 traps accumulated 6,750 specimens (7.8 specimens/ trap/48 h) in 2001 and 648 traps accumulated 5,175 specimens (7.9 specimens/trap/48 h) in 2002. Carabidae and Staphylinidae represented more than one half of all specimens collected, with 4,261 and 2,677 specimens, respectively. All other Coleoptera totaled 2,885 specimens, and Formicidae (collected only in 2001) totaled 2,102 specimens.
Coleoptera consisted of a diverse array of species belonging to 32 families (Tables 2 and 3, Carabidae;  Table 4 , Staphylinidae); 77.6% of specimens were identiÞed to the species/morphospecies level, including all Carabidae (Table 3) , which consisted of 47 species. Ninety-four percent of the Staphylinidae were identiÞed to species or genus level (Table 4) , representing at least 30 species. Formicidae consisted of seven genera, which also are included in Table 2 . Species Richness. There were no signiÞcant differences in rareÞed species richness estimates of all taxa between isoline and transgenic cultivars at the farm system or crop level in either year (Figs. 1 and 2) . Although the transgenic treatments exhibited higher species richness in all instances except sweet corn in 2002, the 95% CIs were always overlapping (data not shown). There was a trend of lower species richness in 2002; however, comparison of all taxa between years is not possible because of the removal of acorn squash from the Þelds and because no formicid taxa were included in the 2002 analyses.
Carabidae had no differences in rareÞed species richness estimates at the farm system or crop level for either year (Figs. 3 and 4) . As in the all taxa analyses, species richness estimates were always higher in the transgenic treatments except for corn in 2002, but the 95% CIs were overlapping in all instances (data not shown). Carabidae species richness estimates were consistently lower in 2002. At the farm system level, this may be caused by the removal of acorn squash from the experiment; however, direct comparisons can be made for sweet corn and potato at the crop level. In sweet corn, rareÞed estimates at 300 individuals resulted in 17Ð23 species for 2001 but only 13Ð14 species in 2002 (Fig. 4) . For potato, rareÞed estimates at 300 individuals resulted in 16 Ð19 species for 2001 and 15Ð16 species in 2002. Dominance Distribution. Dominance distributions of the Carabidae community were highly skewed because of the extremely high abundance of a single species, Pterostichus melanarius (Illiger), which accounted for 73.5% of all carabids. Of 47 carabid species, only 7 species accounted for Ͼ1% of the total abundance at the farm systems level (for both years combined), whereas all other carabid species combined accounted for 8.1% of total abundance. In addition to P. melanarius, Þve species were among the most abundant in both years: Poecilus chalcites (Say), Harpalus affinis (Shrank), Harpalus pensylvanicus (DeGeer), Anisodactylus sanctaecrucis Fabricius, and Poecilus lucublandus (Say). The order of dominance varied between years; however, P. melanarius was always the most dominant species (Fig. 5) .
Staphylinidae displayed a skewed dominance distribution as well, although the most abundant species was not consistent between years (Fig. 6) . In 2001, Dinaraea angustula (Gyllenhal) was the most dominant species and accounted for 55% of the total abundance. In 2002, the Staphylinidae community exhibited a more even distribution, and Hoplandria lateralis (Melsheimer) was the most dominant species, representing 38.4% of the total abundance. In addition to D. angustula and H. lateralis, Strigota ambigua (Erichson) was among the three most abundant species in both years. The rank abundance of the remaining species was similar in both years.
Genotype and Crop Influence on Community Composition. An RDA of the 2001 Carabidae data revealed that there were differences in community composition associated with crop type (Fig. 7a) . Potato signiÞcantly differentiated from the other crops (F ϭ 3.75, P ϭ 0.002) and explained 21.4% of the unconstrained species variation and 60.2% of the constrained species variation ( 1 ϭ 0.21). Of the most inßuential species, P. melanarius was highly associated with potato. The remaining species were more highly associated with sweet corn and acorn squash. In 2001, genotype (isoline versus transgenic) did not have signiÞcant effects (F ϭ 1.19, P ϭ 0.808) on Carabidae community composition, although Agonum muelleri (Herbst) and Elaphropus anceps (LeConte) were collected more often in transgenic plots, whereas A. sanctaecrucis and P. lucublandus were found more often in isoline plots (Fig. 7a) . No signiÞcant treatment effects caused by crop (F ϭ 1.12, P ϭ 0.096) or genotype (F ϭ An RDA of the Staphylinidae data yielded results that were similar to that for Carabidae. Crop type had a signiÞcant inßuence on Staphylinidae community composition (Fig. 7b ) in 2001. Potato signiÞcantly differentiated from the other crops (F ϭ 4.72, P ϭ 0.002) and explained 24% of the unconstrained species variation and 52.6% of the constrained species variation ( 1 ϭ 0.24). Seven of the nine most inßuential species had higher activity densities in transgenic management; however, genotype (F ϭ 2.31, P ϭ 0.092) did not have a signiÞcant effect on Staphylinidae community composition. In 2002, crop (F ϭ 2.19, P ϭ 0.058) and genotype (F ϭ 0.98, P ϭ 0.69) had no signiÞcant effect on Staphylinidae community composition (data not shown).
Discussion
Insecticidal transgenic crops have the ability to reduce the number of insecticide applications in transgenic versus conventional farm systems (Lynch et al. 1999 , Qaim et al. 2003 , Hutchison et al. 2004 ). Many studies have documented negative effects of insecticides on nontarget invertebrates, including decreases in species richness or abundance of important predators, such as carabids (Los and Allen 1983, Teodorescu & Cogalniceanu 2005) . Duan et al. (2004) compared transgenic and nontransgenic potato management on nontarget communities and found a signiÞcant decrease in spider abundance caused by permethrin but not transgenic management. In laboratory trials, Mullin et al. (2006) found no detrimental effect of Bt pollen fed to carabids, but documented high levels of mortality caused by neonicotinoid seed treatments. These trends suggest a possible difference in biodiversity between transgenic and nontransgenic management regimens as typiÞed by a dose-or frequency-dependent response. Because of a high degree of target speciÞcity and possibility for insecticide reductions, certain Bt-transgenic crops may be important in sustaining biodiversity on agricultural lands and an important component of IPM systems using biological control (Musser and Shelton 2003, Romeis et al. 2006) .
In this study, transgenic and isoline diversiÞed vegetable crops, consisting of sweet corn, potato, and acorn squash, required different insecticide inputs based on IPM pest thresholds and normal management procedures. Over 2 yr, transgenic crops received fewer insecticide applications than the isoline crops (isoline ϭ 11; transgenic ϭ 8). This difference was primarily because of the ability of the transgenic cultivars to effectively control the target pests, in that transgenic sweet corn and transgenic potatoes required no insecticide applications for lepidopteran pests or Colorado potato beetle, respectively. Conversely, the isoline cultivars received insecticide inputs in the form of a preventative at planting neonicotinoid application in potatoes or responsive pyrethroid applications during the reproductive stage of sweet corn. There were instances where the greater selectivity of the transgenic system increased the number of foliar insecticide applications. For example, transgenic potatoes did not control Empoasca fabae (Harris), whereas imidacloprid at planting did early in the season, resulting in more foliar sprays directed at E. fabae in transgenic than isoline potatoes.
Despite differences in insecticide inputs, there were no detectable differences in species richness (Figs. 1Ð 4) between transgenic and isoline treatments, whereas crop type had the only signiÞcant effect on biodiversity by altering community composition (Fig. 7) . In almost all cases, transgenic treatments had higher species richness estimates; however, these differences were not signiÞcantly different (Figs. 1Ð 4) . There was evidence of a decrease in species richness from 2001 to 2002 for carabids in sweet corn and potatoes (Fig. 4) . This may be a result of the increase in management intensity on our study site, such as soil tillage and insecticide applications, compared with the previous conditions of the uniform alfalfa stand in 2000. Interestingly, the decrease in carabid species richness from 2001 to 2002 seemed to be caused by the loss of rare species, because the dominant species composition was similar between years (Fig. 5) .
Multivariate analyses of community composition indicated that crop type had the largest effect on Carabidae and Staphylinidae communities in 2001 (Fig. 7) . The diversiÞed farm plots were preceded by a uniform alfalfa crop in 2001. Therefore, epigeal beetle communities may have been deÞned by the different crops, which represent differences in vegetative architecture, soil manipulation, and pest management practices. These combined characteristics may have created habitat niches for various species as seen in The carabid community was deÞned by species positively or negatively associating with potato (Fig. 7a) . P. melanarius was the only species that seemed to prefer potato plots. Potato could be considered the most highly "disturbed" habitat because of the intense cultivation (i.e., hilling) of the soil and insecticide use in the isoline plots. P. melanarius thrives in highly disturbed habitats and may have found an interspeciÞc Species-level community analyses of Staphylinidae are rare. Our work showed at least 29 epigeal species existing in northeastern agroecosystems. An RDA of the staphylinid community indicated that species were separating out by those associated with potato and those associated with sweet corn and acorn squash. Of the most abundant species, H. lateralis and S. ambigua were found more often in potato, whereas D. angustula was associated more with sweet corn and acorn squash.
The dominance distributions of Carabidae (Fig.  5) and Staphylinidae (Fig. 6) were highly skewed. In an agricultural setting, many epigeal taxa such as carabids (Tonhasca 1993) and staphylinids (Byers et al. 2000) often exhibit a dominance structure in which only a few species comprise a large proportion of the total abundance. This disparity seems to increase with agricultural intensiÞcation and loss of natural habitat (Desender et al. 1994 , Kromp 1999 . Tonhasca (1993) likened these assemblage characteristics to those of early successional communities because of the frequent disturbance of the agricultural habitat. This may be especially evident in small, diversiÞed vegetable farms because of high disturbance levels associated with annual crop rotations and a variety of intensive pest management techniques.
The skewed dominance structure was readily apparent for Carabidae, where one species, P. melanarius, accounted for 73.5% of all the specimens. P. melanarius is an introduced generalist predator that has thrived in disturbed environments and has the ability to out compete native species (Larochelle and Lariviè re 2003) . Temporal niche partitioning may explain the success of the other dominant carabid species. P. melanarius is an autumn breeding species, whereas many of the other abundant generalist predators in this study (Bembidion quadrimaculatum oppositum Say, P. chalcites, and P. lucublandus) are spring breeding species. There is also evidence of temporal niche partitioning in another functional group: two well-known weed seed predators that were found in high abundance, A. sanctaecrucis (spring breeder) and H. pensylvanicus (autumn breeder), have similar trophic roles, yet segregate temporally (Lundgren 2005) .
The most abundant Staphylinidae (D. angustula, H. lateralis, and S. ambigua) all belong to the subfamily Biodiversity studies with invertebrates are often constrained because of the high number of species and corresponding difÞculties with identiÞcation. Our work will help focus future epigeal coleopteran studies in agroecosystems by identifying, as a baseline, community members that are predominant in the Carabidae and Staphylinidae. We also provide a list of the seven formicid genera, including one species identiÞcation, collected during our study. While ants are primarily associated with tropical agroecosystems (Way and Khoo 1992) , the large number of specimens found in diversiÞed vegetable plots provides evidence that ants should be further studied in temperate agricultural systems to better deÞne their role. This study also shows that northeastern U.S. agroecosystems are not sterile communities but contain a relatively high level of biodiversity.
This study indicates that implementing transgenic vegetable crops in diversiÞed farm systems has little or no effect on species richness and dominance distribution of several dominant epigeal insect taxa. Additionally, genotype effects were not evident in multivariate analyses of community composition for Carabidae and Staphylinidae. Instead, crop type was a better predictor of variation in species assemblages. In diversiÞed farm systems, longer-term, larger-scale (e.g., approaching monoculture), or continuous-cropping studies may be needed to detect effects on biodiversity caused by the deployment of transgenic crops. However, at least in the short term, the heterogeneity of crops coupled with crop rotation patterns common to diversiÞed vegetable farms in northeastern U.S. agroecosystems seems to aid in preserving epigeal biodiversity, which may be supplemented by reductions in insecticide use associated with transgenic crops. Tables 3 and 4 for full names).
